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Abstract
 .A high affinity specific binding site for bovine b-lactoglobulin BLG was identified in bovine germ cell plasma
membrane enriched fractions. Binding was found to be reversible and pH-dependent with maximum binding occurring at
5 y1 y1  . y1  .pH 5. The on-rate and off-rate constants were 2.26"0.8=10 M min ns3 and 0.016"0.004 min ns3 ,
respectively. Scatchard analysis showed a single class of binding sites, with 12.38"4.62=1012 sites per mg of membrane
 .  .protein ns3 and a dissociation constant K estimated at 26.43"2.68 nM. There was inhibition of iodinated-BLGD
 . 125 .variant A I-BLGA binding to germ cell plasma membrane enriched fractions in the presence of unlabelled BLG
variant A, BLG variant B, retinol complexed BLGA and human retinol-binding protein. Inhibition was observed neither
with BSA nor with lactoferrin. 125I-BLGA incubated with a Triton X-100 solubilized plasma membrane fraction formed a
high molecular mass complex in Superose 12B gel filtration. This receptor complex disappeared in the presence of
unlabelled BLGA and in the presence of 10 mM EDTA. The results suggest that germ cell plasma membrane may contain a
receptor which is capable of binding either retinol free or retinol complexed BLGA.
Keywords: b-Lactoglobulin; Retinol-binding protein; Retinol; Germ cell
1. Introduction
 .Retinol vitamin A is a micronutrient essential not
only for the maintenance of normal physiological
activity of the testis and epididymis but also for
w xspermatogenesis 1–4 . Retinoic acid is the main
retinol metabolite in target cells. Its binding to spe-
w xcific receptors regulates gene expression 5 . It has
been shown in rats that Sertoli cells take up retinol
)  .Corresponding author. Fax: 33-3 83 59 27 98.
 .from blood retinol binding protein RBP . The vita-
min is subsequently supplied to germ cells as retinol
complexed either to RBP or to bovine serum albumin
 . w xBSA 6 .
 .Whey b-lactoglobulin BLG is a small protein
w xbelonging to the lipocalin superfamily 7,8 which
w xalso includes the plasma RBP 9 . BLG binds tightly
w xto retinol 10–12 . The role played by BLG is not
w xclearly established 7,8,13 . The sequence homology
between BLG and RBP suggests a common role in
w xretinol binding and transport 13 . BLG can enhance
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w xthe uptake of retinol in everted intestinal sacs 14 . It
however remains to explicitly identify the presence of
BLG binding sites in target cells and to determine
both the affinity and the specificity of the binding
sites. This paper presents the results of the investiga-
tion into the binding of retinol free BLG and RBP,
and retinol complexed BLG to bovine germ cell
plasma membrane enriched fractions.
2. Materials and methods
2.1. Chemicals
 .Mannitol, phenylmethylsulphonyl fluoride PMSF ,
aprotinin, bacitracin, sodium iodide and ethylenedi-
 .aminetetraacetic acid EDTA were obtained from
 . 125Sigma Chemical Co. St Louis, MO, USA . I-
 .iodide specific activity 37.0 MBq and iodo-beads
 .were purchased from Amersham Amersham UK .
All other chemicals and reagents were obtained as
w xdescribed 15 and were of analytical grade.
2.2. Purification of b-lactoglobulin
Milk whey obtained from the milk of a single
 .homoallelic in respect to b-lactoglobulin gene cow
was defatted by centrifugation at 3000=g for 30
min. After the removal of caseins through precipita-
tion at pH 4, 6 with 1 M HCl, the acid whey protein
fraction was dialysed and lyophilized.
b-Lactoglobulin was purified according the method
w xof Maillart and Ribadeau-Dumas 16 with the modi-
w xfications described in 17 . Whey proteins were dis-
 .solved in water 10% wrv and the pH was adjusted
to 2 with HCl. NaCl was then added to give a 14%
 .wrv final concentration. After letting the suspen-
sion stand for 20 min at 208C, it was centrifuged at
10 000=g for a further 20 min. The precipitate was
 .suspended in 14% NaCl wrv , pH 2 and then
 .diluted to a final concentration of 7% NaCl wrv .
After standing for 20 min at 208C, it was centrifuged
at 10 000=g for 20 min. The resulting supernatant
was dialysed against water then centrifuged at 10 000
=g for 20 min before being lyophilized. The protein
content of all the precipitates and supernatants was
analyzed by HPLC. The final purification of the
w xb-lactoglobulin exceeded 99% 17 .
2.3. Preparation of the retinolrb-lactoglobulin com-
plex
 .Two 20 mg aliquots of b-lactoglobulin A BLGA
 .1.12 mmol were dissolved in 2 ml of distilled
water. The two resulting solutions were then mixed in
a dark vessel, respectively, with 10 ml and 20 ml of
0.107 M all-trans-retinol solution 1.07 mmol and
.2.14 mmol, respectively . The two resulting
BLGArretinol complex solutions, named A-BLGA-
 . R1 molar ratio 1r1 and A-BLGA-R2 molar ratio
.1r2 , were then deep-frozen and lyophilized. Accord-
w xing to Dufour et al. 18 the BLG molecule is able to
bind to a second vitamin A molecule when its struc-
ture is destabilized by alcohol. This was observed in
25% methanol when the BLG molecule is in the
molten globule state and binds to two vitamin A
moleculesrprotein. Consequently, following the same
procedure as in aqueous solution, two retinolrBGLA
 .complexes, M-BLGA-R1 molar ratio 1r1 and M-
 .BLGA-R2 molar ratio 1r2 , were further prepared
but this time with a prior dissolution of the two
w xBLGA aliquots into 25% methanol solution 19 . In
addition, the two methanolic complexes were ro-
tavaped instead of being freeze-dried.
2.4. Preparation of iodinated BLGA
BLGA was iodinated adapting the method due to
w x w xMarkwell et al. 20 as described by us in 15 . The
iodination mixture was separated on a Sephadex G25
 .2.5=10 cm column in the presence of dextran blue
2000. The coupling efficiency was estimated from the
proportion of bound 125I-BLGA and the unbound
w125 xI iodide separated using Superose 12B gel filtra-
tion. The specific activity was 122 fmolrBq.
2.5. Isolation of germ cells
Bovine testes were cleaned to get rid of the sur-
rounding fat and connective tissues and then cut very
thin with scissors. The seminiferous tubules were
then gently unravelled with forceps in RPMI 1640
 .medium pH 7, Sigma under a stereomicroscope in
order to eliminate all of the interstitial tissue. Three
germ cell suspensions were prepared, using a glass
 .homogenizer Potter no. 10; Prolabo, Paris, France .
The suspensions were washed with RPMI medium,
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filtered through cotton wool in order to trap testicular
sperm cells and cellular debris which were then
recovered by centrifugation at 1000=g for 5 min as
w xdescribed 21,22 . Pellets were resuspended in fresh
culture medium. Cell viability, which was assessed
 .using a trypan blue Sigma exclusion test, was greater
than 95%. Cells were counted under a phase-contrast
microscope. A smear was prepared with excess cell
suspension and stained for the purpose of germ cell
quantification with respect to the stages of matura-
tion. The initial germ cell suspensions were examined
under a light microscope. They contained 3%"1
spermatogonia, 35%"2 primary and secondary sper-
matocytes, 34%"1 round spermatids, 20%"1 elon-
gated spermatids, 2%"2 residual bodies and 6%"1
interstitial cells. The different cell types were identi-
fied according to the known morphological character-
w xistics described recently 22 .
2.6. Preparation of germ cell plasma membrane en-
riched fractions
Approximately 106 cellsrml were disrupted in
 .ice-cold 20 mM Tris-HCl buffer pH 7.4 containing
 .0.15 M NaCl, 0.4 mM PMSF, 0.1% aprotinin wrv ,
 . 0.1% bacitracin wrv , with a mixer Ultra-turrax;
.Ika-Labortechnick, Staufen, Germany . This opera-
tion was repeated three times, each time for 20 s, at
full speed and at the temperature of 48C. The ho-
mogenate was centrifuged for 10 min at 1000=g.
The pellet was discarded and the resulting super-
natant centrifuged a further 30 min at 27 000=g in a
Beckman L8-55 ultracentrifuge. The pellet was resus-
pended in the Tris-HCl buffer described above, in the
presence of 300 mM mannitol, 1 mM CaCl and 12
mM MgCl , then recentrifuged under the same con-2
ditions. The resulting pellet was homogenized in the
first buffer 20 mM Tris-HCl, pH 7.4 containing 0.15
 .M NaCl, 0.4 mM PMSF, 0.1% aprotinin wrv ,
 ..0.1% bacitracin wrv and stored at y808C in
w xaliquots until use 21 .
Membrane fraction protein concentration was de-
 .termined using the Bicinchoninic acid BCA Protein
 .Assay Reagent Pierce, Rockford, II, USA according
w xto the manufacturer’s instructions 23 . Bovine serum
albumin was used as the standard protein. Compared
to the initial cell suspension, the specific activity of
alkaline phosphatase a standard marker for plasma
.membranes increased 11.4-fold in the plasma mem-
brane fractions. The specific activity in the cell sus-
pension and in the membrane enriched fraction were
18.4 UIrmg and 209.1 UIrmg, respectively.
2.7. Binding assay
2.7.1. Association kinetics
The time-dependent variation of the binding of
labelled BLGA to germ cell plasma membrane en-
riched preparations was investigated. Labelled protein
125  .I-BLGA 40 pmolrassay was incubated with germ
 .cell plasma membrane fraction 0.18 mgrassay in
20 mM Tris-HCl buffer containing 5 mM CaCl ,2
0.15 M NaCl pH 7.4, at 48C, under constant shaking.
Aliquots of 1 ml were withdrawn at times ranging
from 5 min to 120 min. Bound and free ligands were
separated by filtering the suspension through a filter
 .paper GFrC, Pharmacia, Uppsala, Sweden under
vacuum. The filter was then washed three times with
the above-mentioned buffer and in the presence of
 .0.5% BSA wrv . The radioactivity of the filter was
measured in a Gamma-counter LKB, Bromma, Swe-
.den and the specific binding analysed according to
w xBennett 24 by calculating the kinetic constants k1
and k respectively designating the on-rate and they1
off-rate constants.
2.7.2. Dissociation kinetics
Dissociation was investigated by incubating la-
125  .belled protein I-BLGA 7=40 pmol with 1.26
mg of the plasma membrane protein fraction in a 7
ml final volume of Tris-HCl buffer at 48C under
 .constant shaking. Unlabelled BLGA 113 nmol was
added 60 min after the addition of the tracer to the
plasma membrane suspension. A 1 ml aliquot was
taken off immediately and again after incubation
times of 5, 10, 15, 30, 40, 50, and 90 min. The
residual radioactivity was measured after washing the
 .membranes see below .
2.7.3. Scatchard analysis
125  .I-BLGA 4.16–93.71 pmol was incubated with
the germ cell plasma membrane enriched fractions
 .0.18 mgrassay under constant shaking for 1 h at
48C in a 20 mM Tris-HCl buffer containing 5 mM
CaCl , 0.15 M NaCl pH 7.4 in the presence of an2
 .excess of unlabelled protein BLGA and in the
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 .absence of unlabelled protein BLGA . Bound and
free ligands were separated by filtration through filter
paper under vacuum. The filter was washed three
times with the above-mentioned buffer containing
 .0.5% of BSA wrv . The filter radioactivity was then
measured in a Gamma counter. Specific binding was
calculated from total binding minus binding in the
presence of an excess of unlabelled BLGA the latter
corresponds to non-specific binding estimated at
.13.6% of the total then analysed using the Scatchard
w xmethod 25 .
2.8. Effect of pH on BLG binding to plasma fraction
 .The membrane fractions 0.18 mgrassay were
125 incubated at different pH with I-BLGA 40
.pmolrassay for 1 h in the presence and absence of
an excess of unlabelled BLGA. Different 2–8 pH
range buffer solutions were used: 0.02 M Tris-HCl
buffer, pH 8 or pH 7.4; 0.1 M sodium phosphate
buffer, pH 7; 0.1 M sodium phosphate buffer, pH 6;
0.05 M sodium acetate buffer, pH 5; 0.05 M acetate
buffer, pH 4; 0.02 M citrate-KCl buffer, pH 2.
2.9. Inhibition of labelled BLG binding in the pres-
ence of unlabelled proteins
 .The binding of labelled BLGA 35 pmolrassay to
enriched germ cell plasma membranes 0.18 mgras-
.say was studied in the presence of 9 nmolrassay of
unlabelled proteins BLGA, BLGB, RBP and BLGA
complexed to retinol in aqueous A-BLGA-R1, A-
. BLGA-R2 and in alcohol M-BLGA-R1, M-BLGA-
.R2 medium in Tris-HCl buffer pH 7.4.
2.10. Gel filtration of Triton X-100-solubilized BLG-
receptor
One milligram of membrane enriched fraction was
homogenized three times for 20 s each time in 20
 . 125 .Fig. 1. Example of the time-dependent variation of iodinated bovine b-lactoglobulin variant A I-BLGA binding to germ cell plasma
 . 125membrane enriched fraction. a Association was performed using 40 pmolesrassay of I-BLGA incubated with membrane fraction
 .0.18 mg of proteinrassay at 48C under constant shaking. One ml aliquots of the mixture were collected at intervals during the 5–120
 .  .min incubation time; b the ln B rB yB versus time curve was calculated from association data. The estimated on-rate constant waseq eq t
5 y1 y1  .2.53=10 M min ; c competitive dissociation was obtained by incubating the saturated membranes with a large excess of
 .  .unlabelled b-lactoglobulin 400-fold in a steady state. Dissociation was measured at intervals during the 5–90 min incubation time; d
 .the ln B rB versus time curve was calculated from this data. B sbinding at time t, and B sequilibrium binding. The off-ratet eq t eq
constant was estimated at 0.019 miny1.
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 .Fig. 2. Example of one of the saturation curves top and
 .Scatchard plot bottom of the binding of iodinated bovine b-
 . 125 .lactoglobulin variant A I-BLGA to germ cell plasma mem-
brane enriched fractions 0.18 mg of protein per test tube, 48C
.with shaking for 1 h . The amount of tracer bound to the
membrane was estimated by subtracting non-specific binding
 .13.6% , determined in the presence of 600-fold excess of unla-
belled b-lactoglobulin, from total binding. Scatchard plot shows a
 .single class of receptors; the dissociation constant K wasD
estimated at 31 nM and maximum binding was evaluated at
17.4=1012 binding sites per mg of protein.
 .mM Tris-HCl, 0.15 M NaCl, 2% Triton X-100 vrv ,
pH 7.4 using an Ultra-turrax mixer. The mixture was
incubated at 48C under rotative agitation for 18 h.
The supernatant was recovered after centrifugation at
70 000 = g for 30 min. Labelled BLGA 75
.pmolrassay was incubated with 0.5 ml of extract for
1 h at 48C in the presence of 5 mM CaCl , or 10 mM2
EDTA, or a large excess of unlabelled BLGA. The
mixture was passed through a Superose-12B Phar-
.macia LKB, Uppsala, Sweden gel filtration column
 . 1.6=50 cm , eluted with Tris-HCl buffer 20 mM
 .Tris-HCl, 0.7 M NaCl, 0.05% Triton X-100 vrv ,
.pH 7.4 at a flow rate of 0.5 mlrmin. Dextran blue
 . 572000 D.B. and Co-labelled cyanocobalamin were
respectively used to determine the void and the total
w xvolumes 26 .
3. Results
125I-BLGA binding to plasma membrane was tested
with 3 different enriched germ cell fractions. Binding
increased as a function of time. Maximum binding
was observed approximately 60 min after adding the
tracer to the membrane fraction. The on-rate constant
was estimated at about 2.26"0.8=105 My1 miny1
 .ns3 . Dissociation of the tracer was determined in
the presence of a large excess of non-iodinated BLGA,
with an off-rate constant at about 0.016"0.004
y1  .min ns3 . The results of one of the binding
experiments involving one of the three membrane
enriched fractions are shown in Fig. 1.
A typical saturation curve of 125I-BLGA binding to
plasma membranes was obtained when incubating the
membrane fraction with increasing concentrations of
the tracer. This was tested with three different mem-
brane fractions. The Scatchard analysis showed a
single class of binding sites with a K at 26.43"2.68D
nM and with 12.38"4.62=1012 binding sites per
 .mg of plasma membrane protein ns3 . One of the
saturation curves obtained and its Scatchard analysis
are presented in Fig. 2. Estimated non-specific BLGA
binding was about 13.6%.
The 125I-BLGA binding was pH-dependent, reach-
Fig. 3. pH-dependent binding of iodinated bovine b-lactoglobulin
 . 125 .variant A I-BLGA to germ cell plasma membranes. The
binding was maximum at pH 5 but decreased drastically at pH 8.
Data were the mean values of duplicates.
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Fig. 4. The displacement of iodinated bovine b-lactoglobulin
 . 125 .variant A I-BLGA binding to germ cell membranes with
 .unlabelled b-lactoglobulin BLG was performed at 48C, while
 .shaking for 1 h, in the presence of retinol-binding protein RBP
 .and different unlabelled BLG preparations: BLG variant A ,
 .BLG variant B , BLGArretinol complexes prepared in aqueous
medium with a molar ratio of 1r1 and 1r2, respectively A-
.BLGA-R1 and A-BLGA-R2 , BLGArretinol complexes pre-
pared in alcohol with a molar ratio of 1r1 and 1r2, respectively
 .M-BLGA-R1 and M-BLGA-R2 . All the protein preparations
produced a significant inhibition of 125I-BLGA binding to plasma
membranes. Data were the mean values of duplicates.
ing its maximum at pH 5. Binding was also observed
 .at more acidic pH values Fig. 3 . The addition of
BLGA, BLGB, RBP and retinol complexed BLGA
considerably diminish 125I-BLGA binding to the
plasma membrane fraction. No inhibition was ob-
 .served with BSA and lactoferrin Fig. 4 , which had
no effect on 125I-BLGA binding by the membrane
fractions studied.
The germ cell plasma membrane preparation was
Fig. 5. Superose 12B gel filtration of iodinated bovine b-lacto-
 . 125 .globulin variant A I-BLGA incubated with Triton X-100
solubilized germ cell plasma membranes. The two peaks with
retention times of 40 min and 54 min correspond to BLGA-recep-
125 . 125  .tor complex I-BLGA-R and unbound I-BLGA a , respec-
tively. The BLGA-receptor complex peak disappears after prein-
cubation of the mixture with a 600-fold excess of unlabelled
 .  .  .BLGA b and with 10 mM EDTA c . Dextran blue 2000 D.B.
w57 x w57 x .and cyano Co cobalamin Co Cbl were used for determining
w57 xthe void volume and the total volume, respectively. Co Cbl-
 . w57 x Haptocorrin M ;70 kDa and Co Cbl-transcobalamin Mr r
.;38 kDa were used to calibrate the column. They were eluted
at a retention time of 38 and 48 min, respectively.
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solubilized with 2% Triton X-100 and incubated with
iodinated BLGA. The mixture was subjected to Su-
perose 12B gel filtration. When the experiment was
performed in the presence of CaCl , the elution2
profile showed two protein peaks with retention times
at 43 min and 54 min, respectively, corresponding to
the high molecular mass complex of 125I-BLGA-re-
ceptor and to 125I-BLGA. By comparison, unbound
iodinated-BLGA was eluted with a retention time at
54 min. The peak corresponding to 125I-BLGA-recep-
tor decreased significantly when the experiment was
performed in the presence of 10 mM EDTA, showing
that CaCl was necessary for the binding of BLGA to2
the receptor. A significant inhibition of the 125I-
BLGA-receptor complex formation was observed
when the membrane extract and the tracer were incu-
bated in the presence of non-iodinated BLGA Fig.
.5 .
4. Discussion
This study was performed in an homologous sys-
 .tem as the ligand BLG and the germ cells were both
of the same animal origin. Binding sites for BLG
were observed in germ cell plasma membrane en-
riched fractions. These binding sites had a high affin-
ity for BLGA with a K at 26 nM, suggesting thatD
binding is efficient even at such low ligand concen-
trations. The identification of a single class of recep-
tor is likely but no certainty can be given as the germ
cell preparation was heterogenous. The binding sites
had a specificity extended to RBP as inhibition of
labelled BLGA binding to the plasma membrane was
observed, not only in the presence of unlabelled
 .BLG, but also in the presence of RBP Figs. 4 and 5 .
The existence of binding sites common to both BLG
w xand RBP has previously been suggested 14 . Said et
al. showed a saturable uptake of retinol complexed to
either BLG or RBP in the everted intestinal sacs of
suckling rats. The same study reported the inhibition
of BLG-retinol uptake in the presence of saturated
RBP thus suggesting the presence of common mem-
w xbrane binding sites in the two proteins 7,14 . We
have recently studied murine hybridoma cells which
had between 15 and 44=1012 BLGrRBP binding
sites per mg of membrane proteins and a K in theD
y9  .order of 5–10=10 M unpublished data .
Sivaprasadarao et al. reported identification and
purification of a RBP specific receptor site insensi-
tive to BLG inhibition from placental epithelial cells
w x27,28 . Bavik et al. also described another RBP-re-
ceptor from bovine retinal pigment epithelial mem-
w xbrane 28 . The complex of this receptor with RBP
was isolated, and the corresponding cDNA cloned
w x29,30 . It thus appears that the binding of protein-ret-
inol complexes to plasma membranes may take place
and be mediated by different types of receptor pro-
teins. One of these receptors has a high specificity for
RBP and also another larger specificity for BLG and
its vitamin A complexes. The two types of receptors
RBP-specific receptor and BLGrRBP-specific re-
.ceptor may have different cellular distributions since
the BLGrRBP-receptor is present in intestinal epithe-
lial cells, germ cells and in lymphocytes but is absent
in placental cells. In addition, the maximal binding of
 .these two lipocalins BLG and RBP by their specific
receptors was observed at different pH, occurring at
neutral pH in bovine retinal pigment epithelial mem-
w xbrane 29 and at pH 5 in germ cell plasma membrane
 .fractions Fig. 3 . BLG and RBP have a closely
similar three-dimensional b-barrel structure. How-
ever, the amino-acid sequence homology is low when
the respective amino-acid residues are aligned with
w xrespect to the two three-dimensional structures 7 .
The recognition of the receptor by both proteins may
therefore suggest that a domain common to BLG and
RBP could be involved in the binding to the receptor
w x31 . In addition, the inhibition of BLG binding to the
receptor by M-BLA-R2, which might be in a molten
globule state, suggests that a completely folded struc-
ture is not needed for the binding of BLG to its
receptor.
w xPing et al. 6 recently studied the uptake of la-
belled retinol into rat germ cells. A significant uptake
was observed when retinol was complexed either
with RBP serum or with albumin serum, thus sug-
gesting the presence of a RBP receptor as well as an
RBP independent retinol uptake. In addition, the
retinol uptake was higher in presence of albumin than
in presence of RBP. On the other hand, Said et al.
found no effect of BSA or lactoferrin on the everted
w xintestinal sac uptake of retinol 14 . The results of the
present study are consistent with these previous find-
ings. The obtained data suggest that retinol uptake
may be mediated by a receptor capable of recogniz-
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ing both BLG and RBP. It was also found that the
germ cell receptor does not bind to serum albumin
since no inhibition of BLG binding was observed
 .Fig. 4 . One is therefore inclined to suppose that
 .germ cell retinol-BLG and retinol-RBP uptake, and
their retinol-albumin uptake, transit by different path-
ways.
A significant transcytosis of intact BLG across the
epithelial monolayer in tissue chambers and across
w xCaCo-2 cells cultivated in mini-cell chambers 32,33
has recently been observed. This transcytosis is effec-
tive with either BLG complexed to retinol or unsatu-
rated BLG. Thus, one of the functions of BLG could
reside in delivering dietary vitamin A to targeted
cells, since its binding to plasma membranes is still
effective at pH 7 and since BLG is able to cross
epithelia. The confirmation of this hypothesis will, in
particular, require investigating BLG trancytosis
across the Sertoli cell barrier.
In conclusion, the present study has identified
retinol free and retinol complexed-BLG binding sites
in germ cell plasma membranes and characterized the
affinity and pH profiles. These findings strengthen
the hypothetical role of BLG as a vitamin A carrier to
different cells and tissues.
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